Total RNA from chloroplasts of maize seedlings was used for polymerase chain reaction (PCR) mediated amplification of tRNA precursors and of mature tRNAs encoded by the two split tRNA genes of the ribosomal spacer (tRNA lto GAU and tRNA^UGC) and the single intron-containing tRNA QI *UCC gene. Sequence analysis of DNAs amplified from the mature tRNAs by combinations of exon specific primers allows unambiguous identification of the respective splice junctions. Primer combinations In which 5'-or 3'-fianking precursor tRNA sequences are Included, leads to the amplification of processing Intermediates in which 5'-terminal extensions are still present, whereas no PCR products corresponding to 3'-terminal extensions could be detected. From this it is concluded that in chloroplasts the 5'-terminal endonucleolytic cleavage by RNase P occurs as one of the final steps in the tRNA processing pathway of which the endonucleolytic cleavage at the 3' side probably occurs prior to the splicing of the intron sequences.
INTRODUCTION
In chloroplasts, processing of tRNA transcripts requires nuclease activities for the removal of 5'-and 3'-terminal sequences and for splicing of large intervening sequences present in several plastome encoded tRNA precursors. In vitro studies have shown that RNase P, catalysing the maturation of 5' ends of tRNAs, is present in crude lysates of Euglena gracilis chloroplasts (1) and could be purified from spinach chloroplasts (2) . An endonuclease activity for removal of 3' extensions is also present in soluble extracts from spinach and Euglena chloroplasts (1, 2) . The order of these processing events is, however, controversial. Whereas data from the spinach system with purified RNase P have led to the suggestion that 5' processing precedes 3' processing (2), the two activities from Euglena chloroplast extracts appear not to work in an ordered sequence (1) , and this conclusion was also drawn from in vitro experiments with crude extracts of pea and spinach (3) . In addition to this difference in the in vitro systems which might be species specific or might be caused artificially by the nature of the preparation, nothing is known about the order of processing in vivo.
In contrast to the 5'-and 3'-processing activities, attempts to develop in vitro splicing systems from chloroplasts have met with only limited success. Therefore, the mechanisms of tRNA splicing in chloroplasts-contrary to tRNA splicing in yeast (4)-is not known. Furthermore, due to the lack of direct sequencing data of most of the chloroplast tRNAs derived from split tRNA genes, even the positions of splice junctions, which appear to show considerable species variation, remain uncertain. As a sole exception, maize tRNA'KjAU has been sequenced at the DNA (5) and RNA (6) level, which has allowed the unambiguous assignment of the splice junction (6) .
For this reason, and in order to identify in vivo processing intermediates which might permit conclusions regarding the in vivo processing pathway of tRNA maturation, we have demonstrated the feasibility of amplifying mature and precursor forms of the three tRNA species tRNA De GAU, tRNA^UGC and tRNA G| yUCC (see Fig. 1 ) contained in total RNA isolated from maize chloroplast by the polymerase chain reaction (PCR). The sequences derived from the respective amplification products not only allow a precise positioning of the respective splice junctions within the anticodon loops of tRNA De GAU and tRNA^UGC and within the D stem of tRNA^UCC, but also provide evidence for the existence of 5'-extended tRNA precursors in which splicing has already occurred.
MATERIALS AND METHODS

RNA Isolation
Purified chloroplasts, isolated as described (7), from the leaves of 10 day old Zea mays seedlings were homogenized in lysis buffer (10 mM Tris-HCl pH 8.3, 14 mM Mg-acetate, 60 mM K-acetate, 0.5 mM DTT) and the lysate centrifuged twice for 30 min at 30,000Xg. The supernatant was extracted twice with phenol-chloroform (1:1) saturated with Tris-HCl pH 7.5 and nucleic acids consisting mainly of RNA were then precipitated with ethanol.
Oligodeoxynucleotides for PCR
The following oligodeoxynucleotides, synthesized on a 380 A DNA synthesizer (Applied Biosystems), were used for PCR: 
Polymerase chain reaction
The product mixtures resulting from the reverse transcription reactions were used directly for PCR. The reaction volume was adjusted to 100 /xl by adding 75 /xl H 2 O, 2 /tl 1 M KC1, 1 ^1 
End labeling and sequencing of PCR-products
After gel electrophoresis, PCR products were localized by ethidium bromide staining and eluted from the gel by cutting out the areas containing the bands and incubating them overnight at 37°C in 300 mM NH4CI/2O mM Tris-HCl pH 7.5. The eluted products were ethanol precipitated and then radioactively labelled at the 5'termini according to a standard protocol (8) . Fragments labelled solely at one end were then obtained by asymmetric cleavage with restriction enzymes (Eco RE in the T stem of tDNA'kGAU, TaqI in the T loop of tDNA^UGC and Alu I in the anticodon loop of tDNA^UCC, see Fig. 4 ) followed by gel purification on non-denaturing 10% acrylamide gels. Sequences of the 5'-terminally labelled fragments which contained the 5' exons, the splice junctions and a small part of the 3' exons, were then determined by chemical degradation as described (9) . The products of sequencing reactions were analyzed on 20% acrylamide/7 M urea gels.
RESULTS AND DISCUSSION
tRNA sequences can be amplified by PCR The polymerase chain reaction was originally developed for selective amplification of DNA sequences (10) . By including reverse transcription of RNAs as a step prior to amplification of the resulting cDNA the PCR method can also be used for amplification of RNAs (11) . However, to our knowledge, no *, and tRNA GI)r from maize chloroplasts. Reverse transcription and amplification (32 cycles for lanes 4 to 9, 62 cycles for lanes 1, 2, 3, 10, 11) were carried out as described in Materials and Methods. Prior to reverse transcription chloroplast nucleic acids were treated with RNase A (lanes 1, 8,  10 ) or DNase I (lanes 2, 9, 11). M: ds DNA size marker (lambda dvl digested with HaelU). P: position of primer molecules. The products marked with arrowheads were eluted from the gel for sequence determination. amplification of tRNA sequences have been reported and difficulties for reverse transcription of tRNAs could be anticipated due to the tight secondary structure and to the modified bases present in virtually all tRNA species (12) . Before applying PCR to the amplification of tRNA precursors it was, therefore, essential to demonstrate that this technique is applicable per se to mature tRNA sequences. Testing of the primer combination Sp22/Sp21, specific for tRNA De GAU, and Spl5/Spl6, for tRNA^UGC (Fig. la) , in the amplification of total maize chloroplast RNA leads to tRNA sized amplification products as shown for tRNA^UGA in Fig. 2, lane 4 (data for tRNA^AU  not shown) . Characterization of the amplification products by sequence analysis has confirmed that the amplified sequences are derived from the corresponding tRNAs (data not presented, but see Fig. 3 for sequences derived from precursor tRNAs). From the absence of intervening sequences in the amplification products and from the failure to detect 3' extensions with other primer combinations (see below), it appears likely that the products are derived from mature tRNAs, although the corresponding 5' extended precursors, which also exist in the chloroplast RNA (see below), could lead to the same products. However, both, mature and 5'-extended precursor tRNAs contain the tight tertiary structure and at least part of the modified bases are already present in 5' extended precursor tRNAs (13) . It is, therefore, reasonable to conclude that these tRNA specific features do not interfere with amplification by PCR and that PCR can also be expected to permit the amplification of tRNA containing precursors.
Amplification of tRNA precursors
The primer combination Spl6/Spl8 leads to an amplification product of the size corresponding to a spliced but still 5'-extended tRNA^UGC precursor (Fig. 2, lanes 5 and 9) . The expected chain length of this product of 97 bp is consistent with its position between the size markers of 83 and 131 bp. No amplification products are observed when primer Spl7 which is specific for a 3'-extended tRNA Ala UGC precursor is used in combination with Spl5 or Spl8 (Fig. 2, lanes 6 and 7) . Similar results are obtained for tRNA De GAU, where amplification products are observed with primer combinations Sp21/Sp22 (data not shown) and Sp21/Spl9 (Fig. 2, lanes 2 and 3) whereas no products are observed when primer Sp20 is included as 3'-primer (data not shown).
In view of the results obtained with the two other tRNA precursors, amplification of the tRNA G 'yUCC precursor was tested with the primer combination Gly E2/Gly 5 only. Here again an amplification product corresponding in size to a spliced, 5'-extended precursor could be detected (Fig. 2, lane 11) .
Formation of the products obtained with 5'-upstream primers was sensitive to RNase treatment but insensitive to DNase treatment of the RNA prior to reverse transcription (Fig. 2) . This shows that tRNA precursors rather than tDNA segments have been amplified.
The sequence corresponding to the junction between the 5'-upstream primer and the 5' exon, the splice junction and a part of the 3' exon is confirmation of the fact that the amplification products were derived from spliced, but still 5'-extended tRNA precursors (Fig. 3) . The absence of intervening sequences again shows that the amplification products are derived from spliced tRNA precursors rather than tDNA segments. The sequences around the splice sites of tRNA^UGC and tRNA G1 >'UCC, which had previously not been sequenced directly, allow an unambiguous identification of the intron localization in these two tRNAs. In tRNA^UGC, the intron is positioned two nucleotides 3' of the anticodon. This corresponds to the localization of the intron of tRNA De GAU at the same position and the sequence of the anticodon loop of tRN A^UGC is then identical with the corresponding tRNA from E. gracilis (14) and other algae, where the spacer tRNAs are not interrupted by introns (12) . The intron of tRNA^UCC is localized at the 3' end of the D stem between tRNA positions 23 and 24 (see Fig. 4b ) as has been proposed for tRNA a >UCC of tobacco (15).
The processing pathway
The occurrence of a large rRNA precursor which includes the spacer tRNAs together with their intervening sequences is detectable in total chloroplast RNA from maize by Northern hybridisation (16) . The question, therefore, arises why no amplification products containing the intervening sequences are visible in the products obtained with the various primer combinations.
With the primer combination Spl9/Sp21 and Spl6/Spl8 amplification products of about 1000 bp tRNA ne GAU) and 900 bp (tRNA Ak UGC) are occasionally observed as weak bands (data not shown). They correspond in size to the expected unspliced tRNA precursors. However, no attempts were made to characterize these products further by sequencing. Their absence in the product mixtures shown in Fig. 2 and in most of the other amplification products (not shown) is probably due to the abundant secondary structures of these two group II introns (17, 18) , which are likely to inhibit the reverse transcription step necessary for cDNA formation severely. In contrast to the 5'-extended tRNA precursors, no amplification of 3'-extended tRNA precursors can be observed. This, together with the occasional appearance of intron containing amplification products and the complete absence of amplification products with 3' extensions, suggests that 3'-processing occurs as the first step in vivo followed by splicing as the second and by 5'-processing as a later step of tRNA processing.
